The stress response is a multifaceted physiological reaction that engages a wide range of systems. Animal studies examining stress and the stress response employ diverse methods as stressors. While many of these stressors are capable of inducing a stress response in animals, a need exists for an ethologically relevant stressor for female rats. The purpose of the current study was to use an ethologically relevant social stressor to induce behavioral alterations in adult female rats. Adult (postnatal day 90) female Wistar rats were repeatedly exposed to lactating Long Evans female rats to simulate chronic stress. After six days of sessions, intruder females exposed to defeat were tested in the sucrose consumption test, the forced swim test, acoustic startle test, elevated plus maze, and open field test. At the conclusion of behavioral testing, animals were restrained for 30 minutes and trunk blood was collected for assessment of serum hormones. Female rats exposed to maternal aggression exhibited decreased sucrose consumption, and impaired coping behavior in the forced swim test. Additionally, female rats exposed to repeated maternal aggression exhibited an increased acoustic startle response. No changes were observed in female rats in the elevated plus maze or open field test. Serum hormones were unaltered due to repeated exposure to maternal aggression. These data indicate the importance of the social experience in the development of stress-related behaviors: an acerbic social experience in female rats precipitates the manifestation of depressive-like behaviors and an enhanced startle response.
Introduction
Stress disorders are multifaceted and capable of affecting males and females differently. Sex differences represent an important and understudied dichotomy in the pathogenesis of stressrelated disorders. In humans and rats, sex differences span multiple systems to affect the hypothalamic-pituitary-adrenal (HPA) axis, negative feedback of the stress response, and behavioral modulation in response to stress [1] [2] [3] [4] [5] . Although our understanding of the effects of chronic stress has grown significantly in recent years, there exists a need for characterization of an ethologically relevant chronic stressor that works effectively in adult female rats.
Modulation of anxiety-like and depressive-like behavior between male and female rats is inherently dimorphic. Female rodents explore more than male rodents in adolescence [6] and adulthood [7] . Female rodents also engage in more coping/escape behavior at baseline [8] . The dichotomy in anxiety-like and depressive-like behaviors is theorized to arise from the cross-talk between HPA and hypothalamic-pituitary-gonadal axes [9] . While social defeat is a potent stressor and produces anxiety-like and depressive-like behavior in both sexes during adolescence [10] , traditional social defeat in adult rodents has been shown to only affect males [11; 12] . Adult male rats are more aggressive than adult female rats, which may partially explain the problems with traditional social defeat models [13] . More studies in adult female rodents employing an ethologically-relevant stimulus are necessary to properly investigate stress-associated behavioral modulation.
Diverse methods to induce chronic stress have been previously explored. These often involve physical manipulation of the animal including restraint, damp bedding, cage tilt, and foot shock to induce behavioral alterations. Additionally, psychological manipulations have been employed such as predator odor, loud noise, overnight illumination, and isolation housing. Several studies using one or several of these stressors have shown HPA alterations and differential behavioral modulation [14; 15] . Social defeat is a potent stressor that dually alters the HPA axis and behavior.
The reaction to social stress is an evolutionarily-conversed reaction across species for the procurement of resources, making this form of stress ethologically relevant. Establishment of a social dominance hierarchy through social stress is necessary for the long term survival of an organism, but social stress may also induce depressive behaviors typified in a low rank order animal [16] . A previous study used a social defeat-housing manipulation stressor to induce sexually dimorphic effects on weight gain and adrenal weight, but anxiety-like and depressive-like behaviors have not been fully explored [17] . While female rats are less likely than male rats to engage in aggressive behavior, postpartum female rats are programmed to defend their pups from predators causing a cascade of hyperactivated neuroendocrine pathways and increased aggressive behavior [18] . We employed this aggressive phenotype to induce defeat of an intruding female rat by a lactating female rat. The purpose of the present study was to use a maternal defeat model consisting of isolation housing and social defeat by a lactating female as an ethologically-relevant stimuli to investigate changes in anxiety-like and depressive-like behaviors. We demonstrate here that exposure to a maternal defeat model is effective at altering affective-like behaviors in adult female rats.
Material and Methods

Animals
Timed pregnant Wistar rats (Charles River, Wilmington, MA) arrived on gestational day 12 (n = 24). Pregnancy was determined at the Charles River facility by the presence of a vaginal plug. Rats were housed on a 14:10 reverse light:dark cycle in a facility controlled for humidity (60%) and temperature (20°C-23°C). Rodent diet 5001 chow (Purina Mills, Richmond, IN) and water were available ad libitum throughout the study. Estrous cycle was tracked throughout the study using vaginal lavage. All animal procedures were approved by Emory University's IACUC and were carried out to minimize pain and suffering to the animal in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Maternal Aggression Stress
Maternal defeat stress (Stress) was defined as daily exposure to maternal defeat and isolation housing beginning in adulthood (postnatal day 90). The cohort of rats consisted of the following groups: 1) single housed females (Control female) and 2) single housed females exposed to maternal defeat (Stress female). The maternal defeat stress was adapted from previous studies [19] . Rats in the stress group were placed in the home cage of a lactating female. Initially, the two rats were separated by a wire mesh screen. Female residents were adult Long Evans lactating females (post parturition day 5-11) actively nursing their pups. Lactating female Long Evans rats demonstrate the territorial aggression necessary for the social defeat stressor and lactation accentuates this behavior in females [20] . On the first day of social defeat, after five minutes, the barrier was removed for five minutes or until the intruder was pinned five times. On the second day, the barrier was replaced after three pins or five minutes. All subsequent bouts of defeat interactions consisted of only one pin or a maximum of five minutes of interaction. At the conclusion of the physical interaction, the wire mesh screen was replaced. The maternal aggression stress procedure was administered over six days, with the last four days consisting of the one pin or five minute interaction condition. Lactating resident females in this study pinned the intruder 46.3% of the time. Intruders and residents remained separated by the wire mesh screen for an additional 30 minutes and subsequently the intruder was returned to its home cage. Separation with the wire mesh was used to pair all intruders and residents for the same amount of time without subjecting the intruder to repeated bouts of defeat. Intruder and resident pairings were randomly assigned each day to prevent stabilization of a dominance hierarchy. All sessions occurred during the light cycle to coincide with the nadir of the circadian cycle of corticosterone to maximally increase corticosterone.
Behavioral Testing
Behavioral testing began after the final maternal aggression stress. These behavioral tests are not intended to recapitulate exact human psychopathology but rather have a degree of predictive validity for various neurobehavioral traits in human psychopathology [21] . Behavioral testing for each cohort consisted sequentially of the sucrose consumption test, the open field test, the elevated plus maze, the acoustic startle test, and the forced swim test. Order of subjects tested each day was randomized to minimize any effect due to testing time. One behavioral test was conducted per day with the exception of the sucrose consumption test, which was administered over two days. The elevated plus maze was conducted two hours after onset of the dark cycle while all other tests were conducted in the light cycle.
Sucrose Consumption Test
The sucrose consumption test measures the rat's consumption of a sucrose solution (0.8%) versus water as a measure of hedonic state. The sucrose consumption test began during the last day of maternal aggression stress, after conclusion of the stress procedure. Male and female rats subjected to chronic social defeat consume less sucrose than control rats and this behavior has been described as a depressive-like state [10, 22] . Rats were given free access to one bottle of tap water and one bottle of a 0.8% sucrose solution in tap water. In order to prevent any effect due to side bias, bottle location was reversed after 24 hours. After 24 and 48 hours, the bottles were weighed to determine sucrose and water consumption. Data reported are the average consumption of day 1 and day 2 of the sucrose consumption test.
Elevated Plus Maze
As an index of anxiety-like behavior, animals were tested in the elevated plus maze. Four days after conclusion of the maternal aggression stress, rats were placed in the center of a plastic plus maze and recorded for five minutes. Testing took place two hours after lights out and was conducted under dim red light. Tapes were scored for number of entries and time spent in the closed or open arms [23] . Percent of time spent in the open arm was calculated as time spent in the open arm divided by total testing time (300 seconds). To measure other exploratory behavior, rearing behavior was counted [24] .
Acoustic Startle Response
The acoustic startle reflex test was performed six days after the last maternal aggression stressor as previously described [25] . Briefly, during the light cycle, rats were placed in a ventilated startle chamber (San Diego Instruments, San Diego, CA) using an accelerometer to measure the startle reflex. After a white-noise (65 db) acclimatization period in the chamber lasting five minutes, individual rats were exposed to 16 trials consisting of a short pulse of noise (115 db). Between each trial, there was a period of white noise which lasted 2, 5, 25, or 60 seconds.
Forced Swim Test
In order to assess motor activity in an inescable environment, the forced swim test was administered seven days after conclusion of the maternal aggression stressor. The forced swim test, while traditionally a screen for antidepressant drug efficacy, has been used to assess tendency to respond actively or inactively to a challenge [26; 27] . Rats were placed in a clear acrylic beaker (40 cm high×18 cm in diameter) filled with 30°C water for ten minutes during the light cycle. Following this training session, rats were tested the following day for five minutes. Two observers blind to treatment group scored the latency to the first float, time spent struggling, and the number of dives which previous studies have described as escape or active coping behavior [8; 28] . Latency to first float was defined as the rat's limbs remaining motionless for at least two seconds. Active swimming was defined as the rat breaking the surface of the water with all four limbs in motion. Diving was defined as the rat swimming below the surface of the water. Passive swimming was the remaining time not spent floating, actively swimming, or diving.
Endocrine Analyses and Estrous Cycle Tracking
Rats were decapitated one day after the last behavioral test, two hours prior to the dark cycle. Following a 30 minute restraint session used to stimulate the HPA axis, rats were rapidly decapitated without anesthesia and trunk blood was collected immediately in BD Vacutainer EDTA collection tubes (BD, Franklin Lakes, NJ). Blood was spun down at 1,800 rcf and the plasma fraction was collected. Plasma corticosterone was assayed using 10 µL of plasma with the ImmuChem 125 I Corticosterone RIA Kit with an intra-assay variability of 5.55%, an inter-assay variability of 6.97% and a sensitivity of 1 ng/mL (MP Biomedicals, Solon, OH). Plasma estradiol was assayed using 50 µL of plasma with the ImmuChem 125 I 17β-Estradiol RIA Kit with an intra-assay variability of 4.02%and a sensitivity of 10 pg/mL (MP Biomedicals, Solon, OH). All estradiol samples were run in one assay, therefore no inter-assay variability was calculated. Samples were run in duplicate for all endocrine assays. Body mass was recorded throughout the study. Estrous cycle was tracked throughout the study by vaginal lavage.
Statistical Analyses
GraphPad Prism (GraphPad Software, La Jolla, CA) was used to conduct Student's t test statistical analyses. In the case of the acoustic startle response, a two-way ANOVA was used for statistical comparisons (time×stress). The alpha value was set to 0.05 for one-tailed ttests.
Results
Physiological Outcomes in Adult Females Were Unaltered by Maternal Aggression Stress
Gross anatomical and endocrine measurements were conducted to determine any changes due to maternal aggression stress. Maternal aggression stress in adult females did not alter weight gain over the course of the study (F 1,20 = 0.3, p = 0.30, Terminal Weight: Control: 278.3 ± 10.0 g, Stress: 274.3 ± 6.0 g). After an acute 30 minute restraint session designed to induce an HPA response, control and maternal aggression stress females did not display differences in plasma corticosterone (Control: 1,192 ± 153 ng/mL, Stress: 1,305 ± 79 ng/ mL, t 10 = 0.7, p = 0.26) or plasma estradiol (Control: 25.00 ± 8.66 pg/mL, Stress: 29.78 ± 4.54 pg/mL, t 10 = 0.5, p = 0.32). Estrous phase did not predict behavioral test session, indicating that the estrous cycle did not account for the behavioral effects observed in this study (F 1,368 = 0.60, p = 0.44).
Maternal Aggression Stress in Adult Females Decreased Sucrose Consumption
Sucrose consumption in a two bottle choice test was measured as a rough index of anhedonic behavior. There was a decrease in sucrose consumption in females exposed to maternal aggression stress compared to controls (t 10 = 2.1, p = 0.03, Figure 1 ). Water consumption was unaltered in maternal aggression stress and control groups, showing no change in overall consumption behavior (t 10 = 0.4, p = 0.35, Figure 1 ).
Passive Coping Behavior in the Forced Swim Test Increased After Maternal Aggression Stress
The forced swim test, although typically a test for antidepressant efficacy, was used to assess active coping behavior in an inescapable environment. Latency to first float was unaltered in adult females by maternal aggression stress (t 10 = 1.2, p = 0.13, Figure 2A ). Actual time spent floating was unaltered by maternal aggression stress (Control: 75.40 ± 17.56 s, Stress: 84.00 ± 12.83 s; t 7 = 0.38, p = 0.72). Active swimming behavior, indicative of an active coping response, was decreased in females previously exposed to maternal aggression stress (t 8 = 2.8, p = 0.01, Figure 2B ). Maternal aggression stress in adult females increased passive swimming behavior (t 7 = 2.7, p = 0.02, Figure 2C ).
Behavior in the Elevated Plus Maze Was Unaltered by Maternal Aggression Stress
Exploratory behavior was measured in the elevated plus maze to assess anxiety-like behavior. Maternal aggression stress in females produced no changes in locomotion as assessed by total arm entries (t 11 = 0.7, p = 0.25, Figure 3 ). Exploratory and risk assessment behavior was unaltered by maternal aggression stress: there were no changes due to maternal aggression stress in open arm entries (t 10 = 0.0, p = 0.50, Figure 3 ).
Startle Reflex Increased Following Maternal Aggression Stress in Adult Females
Acoustic startle response was measured in 16 trials of varying pulse intervals. Prior to any habituation, the initial startle response in trial 1 was increased due to maternal aggression stress (t 11 = 2.5, p = 0.02, Figure 4A ). Overall, acoustic startle response was higher in adult females exposed to maternal aggression stress (F 1,155 = 5.4, p = 0.01, Figure 4B ).
Discussion
The current study utilized a modified social defeat stressor in the form of maternal aggression to cause stress-induced behavioral changes in female rats. The purpose of the present study was to show that an ethologically-relevant stressor was capable of producing behavioral deficits in females. In our study of females, we utilized the aggressive properties in female rats that accompany lactation to stimulate aversive encounters. Adult female rats exposed to maternal aggression stress displayed depressive-like behaviors and hyperactive acoustic startle response that may indicate a fear-like and/or anxiety-like phenotype. These data indicate that stress-induced behaviors can be elicited by maternal aggression and this stressor may be a useful experimental paradigm for studying the effects of stress in females.
The maternal aggression stress induced a shift from active to passive coping behavior in the forced swim test. Other groups have observed a shift from passive to active coping behavior in the forced swim test after administration of a neurokinin receptor 1 antagonist, a potential antidepressant [29] . A similar shift from passive to active coping behavior was observed after chronic administration of paroxetine in rats bred for high anxiety-related behavior [30] . Additionally, we have reported that chronic stress in adolescence causes decreased active coping behavior in adolescent and adult female rats [10] . Current evidence documenting the shift in coping behavior during the forced swim test support our interpretation that maternal aggression stress induces decreased active coping behavior.
Several groups have postulated that an acerbic social experience is capable of inducing anxiety-like behaviors. The importance of the social experience is illustrated early in life: maternal separation is a potent and reproducible stressor used by multiple groups to affect the glucocorticoid receptor system, anxiety-like behaviors, and mediators of the HPA axis [31] . Blanchard and colleagues have used the visual burrow system, a psychosocial stressor, to show the marked impact of social stress on physiological processes, neurotransmitter systems, and behavior [32] [33] [34] . Others have used social defeat stress to induce behavioral alterations [35] [36] [37] . Our results are in agreement with the extant literature indicating that an acerbic social experience can induce behavioral alterations.
Studies have frequently documented the positive effects of "social buffering", where the stress experience is mitigated by the presence of a companion [38] . In humans, the social experience also places a critical role in etiology of mood disorders: social factors correlate with the psychopathology of anxiety and depressive disorders [39] . The social unit, therefore, seems to have a profound impact on the perception and manifestation of the stress response. Consistent with previous work in males, we demonstrate that an acerbic social experience can precipitate depressive-like behaviors and enhanced startle in adult female rats.
The importance of the current study pertains to the nature of the stress involved. As previously mentioned, several groups have used intense physical stressors such as restraint, foot shock, damp bedding, loud noise, or cage tilt to induce anxiety-like and depressive-like behaviors in female rats [40; 41] . Other groups use psychological stressors such as predator odor, overnight illumination, or isolation housing to induce behavioral dysfunction [40; 42] . Social stress dually acts on these modes of manipulation but also incorporates the social nature of the stress experience [16] . The importance of the social nature of the stress experience has been demonstrated by Nephew and colleagues who have utilized a social stressor consisting of exposure to a male to increase maternal aggression [43] . The nature of social stress highlights the importance of the social experience and incorporates an ethologically-relevant stressor for behavioral studies in female rats.
Animal studies that employ an ethologically-relevant stressor in females are vital to the understanding of the underlying neurobiology of the stress response. Stress and anxiety are multi-faceted disorders that can be evaluated from several different modes of stress and phenotypic endpoints in animal studies. Chemical manipulations such as corticosterone or corticotropin-releasing factor injections aid in understanding neurobiological mechanisms, but the clinical relevance of these manipulations is dubious as they typically hyper-activate select systems. In contrast, the stress response is multifaceted and an ethologically relevant stressor activates several diverse neurotransmitter and hormonal systems that act to regulate the stress response.
Induction of social defeat in females is difficult due to the nature of the stressor involved. Social hierarchy in rats typically causes larger males to defeat smaller males. However, at baseline, adult female rats are less likely to engage in defeat bouts than male rats. Conversely, the high levels of oxytocin, vasopressin, and progesterone that are present during lactation serve to increase aggression [20; 44-46] . Albers and colleagues have examined the aggressive response in female Syrian hamsters and demonstrated an inhibitory role of arginine vasopressin centrally administered to the anterior hypothalamus [47] . The role of arginine vasopressin in the regulation of aggression has been shown to be pronounced during pregnancy: centrally administered arginine vasopressin increases maternal aggression [48] . The increased aggression demonstrated by lactating rats was used in this study to induce social stress in female conspecifics. This model of maternal aggression provides a paradigm in which the effects of ethologically relevant social stress can be assessed in female rats using unstressed females as the control group.
Conclusions
The current study demonstrates that repeated exposure to maternal aggression is sufficient to induce depressive-like behavior and enhanced startle in adult female rats. The social stress paradigm described here provides an ethologically relevant stressor, which can be used to induce stress-related pathophysiology in adult female rats. Introduction of this stress paradigm provides a laboratory condition that can be used to facilitate the study of mechanisms underlying stress-induced pathophysiology in adult female rats.
Research Highlights
• Exposure to maternal aggression was used as a chronic social stressor.
• Female rats exposed to maternal aggression exhibited decreased sucrose consumption.
• Female rats exposed to maternal aggression displayed impaired coping behavior.
• Female rats exposed to maternal aggression exhibited increased startle response. The effects of maternal aggression on sucrose consumption were determined using a 48 hour sucrose consumption test. Rats were given free access to identical bottles which contained either tap water or 0.8% sucrose in tap water. Consumption of each liquid was measured at 24 hours and 48 hours and the values were averaged for each rat. Female rats exposed to repeated maternal aggression consumed less sucrose water than control female rats. Water consumption in females exposed to repeated maternal aggression was unaltered compared to female controls. * p < 0.1. Data are presented as mean ± SEM, N = 6/group. The effects of repeated maternal aggression on behavior in the forced swim test were assessed and compared to control females. Females in the maternal aggression stress group exhibited no changes in the latency to float compared to control females (A). Exposure to repeated maternal aggression resulted in decreased active swimming behavior compared to control females (B). Passive swimming was increased due to repeated maternal aggression in females (C). * p < 0.05. Data are presented as mean ± SEM, N = 5-6. Acoustic startle response was increased due to repeated exposure to maternal aggression compared to control females. Acoustic startle response was measured with startle boxes in 16 trials separated by different pulse interval lengths. The initial startle response in the first trial was increased due to maternal aggression stress compared to control females (A). Overall startle response was increased in adult females due to maternal aggression stress compared to control females (B). * p < 0.05, t-test. Data are presented as mean ± SEM, N = 6-7.
